In the current model of early Solar System evolution, the stable members of the Jovian and Neptunian Trojan populations were captured into resonance from the protoplanetesimal disk during the outward migration of the giant planets. As a result, both Jovian and Neptunian Trojans share a common origin with the primordial disk population, whose other surviving members constitute today's trans-Neptunian object (TNO) populations. The cold (low inclination and small eccentricity) classical TNOs are ultra-red, while the dynamically excited "hot" (high inclination and larger eccentricity) population of TNOs contains a mixture of red and blue objects. In contrast, Jovian and Neptunian Trojans are observed to be blue. While the absence of ultra-red Jovian Trojans can be readily explained by the sublimation of volatile material from their surfaces due to the high flux of solar radiation at 5 AU, the lack of red Neptunian Trojans presents both a puzzle and a challenge to formation models. In this work we report the discovery by the Dark Energy Survey (DES) of two new dynamically stable L4 Neptunian Trojans, 2013 VX 30 and 2014 UU 240 , both with inclinations i > 30
Introduction
The Trojan asteroids reside in asymmetric 1:1 mean-motion resonances with planets, librating around the planet's L4 (leading) and L5 (trailing) Lagrange points. Unlike the symmetric librators, which have horseshoe co-orbital motion with the planet and are usually not dynamically stable in the long-term [1, 2] , the Trojans can be stable for the entire age of the Solar System [3, 4] . Jupiter holds by far the largest number of known Trojan asteroids, with Neptune having the second-most. Neptune has roughly two dozen known Trojans, but many previous studies suggest that the Neptunian Trojan population should be even larger than that of Jupiter [5, 6, 7, 8, 9] .
Both the Jovian and Neptunian Trojan populations are thought to have arisen from capture during the planetary migration or orbital damping stage rather than via in-situ formation. Several arguments suggest this scenario. First, both the Jovian and Neptunian Trojan populations have wide inclination distributions rather than the nearly planar distribution of the original disk of planetesimals [10] . Additionally, numerical simulations show that the very first Trojans (those that formed in-situ prior to planetary migration) were destabilized and eventually lost during planetary migration [11, 12, 13] . In the context of the Nice model [14, 15] , the Jovian Trojans could have formed in more distant regions (such as the trans-Neptunian region) and been captured into co-orbital motion with Jupiter during planetary migration when the dynamics of the Trojan region were completely chaotic [16] . This process, generally known as chaotic capture, can operate similarly to capture the Neptunian Trojans [17] . However, Lykawka and Horner [18] have argued that high inclination (i > 25
• ) orbits of Neptunian Trojans are unlikely to be produced by fast migration. As a result, scenarios with slower migration rates should be considered.
In any case, all of the current mechanisms for planetary migration and capture indicate that the source of primordial Jovian and Neptunian Trojans -that is, the Trojans that have librated in stable orbits since the end of planetary migration -should be the transNeptunian region. As a result, the trans-Neptunian objects (TNOs) should share some common properties with Trojans. As one piece of evidence in support of this scenario, many studies have demonstrated the similar size distributions between Trojans and the "hot" population of TNOs [19, 20, 21] . This paper addresses another key physical property of Neptunian Trojans: their colors. The observed TNOs display a well-known and wide range of colors, from red to ultra-red [22, 23, 24, 25, 26, 27, 28, 29, 30] . If the Jovian and Neptunian Trojans share a common source with the "hot" population of the TNOs, we would expect to observe the same wide color distribution. However, Jovian Trojans are mostly found to have spectra resembling either D-or P-type asteroids [31, 32] , which display relatively little color differences [33, 34, 35, 36] . Moreover, recent observations of the Neptunian Trojans also indicate that the colors of Neptunian Trojans are quite similar to those of the Jovian Trojans [37, 38, 39, 27, 10] . Neither of these populations contains any members with ultra-red colors.
Color differences could arise due to the different distances of minor bodies from the Sun. Because Jupiter's orbit has a semi-major axis of only a ≈ 5.12 AU, the Jovian Trojans have blackbody surface temperatures T ∼ 125 K, which is much warmer than the TNOs (T ∼ 40 K). As a result, the observed color difference between Jovian Trojans and TNOs could be explained by the possible resurfacing of the inner population, i.e. the sublimation of volatile materials due to their elevated temperature [40, 41] . However, the Neptunian Trojans have heliocentric distances (d ∼ 30 AU) and blackbody temperatures (T ∼ 50 K) similar to those of TNOs, and thermal-resurfacing processes are not expected to operate at the distance of Neptune's orbit. Resurfacing through collisions could be an alternative process to remove the ultra-red surfaces. However, the collision rate in the Trojan swarms is dominated by very small bodies and such collisions remain essentially unobserved. In summary, thermal resurfacing processes cannot explain the lack of ultra-red Neptunian Trojans. Collisional resurfacing processes may contribute, but current observational evidence is lacking [38] .
As outlined above, the observed similarity in colors between Jovian and Neptunian Trojans poses an interesting puzzle. It suggests that Jovian and Neptunian Trojans could have common sources or that they experience similar resurfacing processes. However, the color distributions of the Trojans differ from their plausible common-source population, namely the TNOs, and there is no known resurfacing process that performs equally well at the (widely different) heliocentric distances of Jupiter and Neptune. An obvious possible solution that sidesteps this problem would be to establish color differences between the populations of Jovian and Neptunian Trojans. More specifically, it would be significant to find ultra-red members of the Neptunian Trojan population. In this event, the color distribution of Neptunian Trojans would more closely resemble their putative common source, the TNOs, and the observed blue colors of Jovian Trojans would be explained by thermal resurfacing. Toward this end, this work reports colors for five dynamically stable Neptunian Trojans observed by the Dark Energy Survey (DES), including the first-ever dynamically stable ultra-red Neptunian Trojan. This paper is organized as follows: In Section 2, we introduce the discovery of two new Neptunian Trojans, 2013 VX 30 and 2014 UU 240 , by the Dark Energy Survey. In Section 3, we numerically integrate 1000 clones of these bodies to demonstrate their long-term stability. These results suggest that they belong to a long-term stable population, rather than a transient population temporarily captured into resonance. In Section 4, we provide the multi-color photometry for the five Neptunian Trojans observed by DES. In Section 5, we estimate the ratio of the blue and red Trojan populations using our five DES Trojans. In Section 6, we discuss possible origin scenarios for red Neptunian Trojans. Finally, Section 7 provides a summary of our results and a discussion of their implications.
Discovery
The Dark Energy Survey (DES) is an optical survey being carried out with the Dark Energy Camera (DECam) [42] , a 3 sq. deg. prime focus imager on the 4-meter Blanco telescope at the Cerro Tololo Inter-American Observatory in Chile. The survey footprint is shown as the black outline in Figure 1 . It is evident from this figure that the DES is well-suited to the study of the L4 Neptunian Trojan cloud.
The DES was awarded 525 nights over 5 years, beginning in 2013. Each season's observing campaign spans 105 nights from roughly mid-August to mid-February. The scientific program consists of two simultaneous surveys. The supernova survey [43] (small hexes in Figure 1 30 in red and the other four objects in blue. The two objects discovered in the deep supernova field [37] are nearly superimposed at this scale. from 10 minutes in the g-band to 60 minutes in the z-band. The wide survey covers 5000 sq. deg. of the south galactic cap, but at a much sparser and less regular cadence. When the survey is completed, each wide survey tiling will have been observed approximately 10 times in each of the grizY bands. The limiting single-exposure depth in r-band widesurvey exposures is approximately 23.5; supernova survey exposures reach approximately 0.5 magnitudes deeper.
The new Trojans described in this work were discovered in DES wide survey data using search techniques similar to those described in Gerdes et al. [44] and Becker et al. [45] . A catalog of transient detections is created by applying the DES image-differencing pipeline [46] and artifact-rejection procedure [47] to wide-survey images collected during the first four years of the survey. TNOs are identified by linking pairs of detections separated by 60 nights or less, whose separation is consistent in direction and apparent rate of motion with that expected from distant object subject to earth parallax. Once a preliminary discovery arc at one opposition has been obtained, it can readily be extended to include any additional detections at other oppositions. Figure 2 shows the trajectories on the sky of Ruby and To obtain the best possible orbit fit, we refined the original astrometric measurements using the WCSfit software described in Bernstein et al. [48] . This code provides astrometric solutions using Gaia DR1 [49] . It also incorporates corrections for tree-ring and edge distortions on the DECam CCDs, as well as for chromatic terms from lateral color and differential atmospheric refraction. 
Dynamical Stability
Long-term dynamical stability is the key factor that separates the stable Trojans from recently-captured, and hence temporary, Trojans. The stable Trojans most likely belong to the primordial population. To understand the dynamical behavior of the newly discovered Trojans, we have performed an ensemble of numerical simulations. To start, we obtained the covariance matrix for the six orbital elements of each object by fitting all of the available DES detections across five years with the orbfit code of Bernstein and Khushalani [50] . The code was slightly modified to generate heliocentric (rather than barycentric) orbital elements and the corresponding covariance matrix was used as input for the subsequent numerical integrations. We first produced 1000 clones of the object based on the covariance matrix in order to sample the errors in all six orbital elements. These 1000 clones were then numerically integrated for 1 Gyr using the Mercury6 integration package [51] . In order to reduce the integration time, we exclude the terrestrial planets from the simulations but incorporate their masses into the central body (the Sun).
The resonant angle φ 1:1 for the 1:1 commensurability was calculated for each of the clones. Specifically, the angle φ 1:1 is given by
where λ N and λ T are the mean longitudes (λ = M + Ω + ω) of Neptune and the Trojan, respectively. Along with φ 1:1 , the mean resonant angle (φ mean ) and amplitude (A φ ) were also calculated. The angle φ mean is obtained by averaging the resonant angle over the first 1 Myr of the integration, and the amplitude A φ is determined by the half-peak RMS amplitude of the angular variations. This half-peak RMS amplitude is A φ = √ 2σ φ , where σ φ is the standard deviation of the resonant angle φ 1:1 during the first 1 Myr time interval. With the φ 1:1 , φ mean and A φ all calculated, we can then determine the lifetime of each clone as a Neptunian Trojan. We consider the clones to no longer be Trojans when their libration width becomes sufficiently large, | φ 1:1 − φ mean |> 60
• . These simulations show that both of the newly discovered Trojans are extremely stable. All of the clones of 2013 VX 30 have a small libration amplitude (A φ ∼ 5
• ) and only three out of the initial 1000 clones were lost during the 1 Gyr integration. The libration amplitude of 2014 UU 240 is even smaller (A φ ∼ 2.6
• ), and none of the clones was lost before reaching 1 Gyr. Figure 3 shows the three orbital elements of the two Trojans, along with resonant angle variations as a function of time. These plots demonstrate the stability of these two Trojans. Because 99.7% and 100% clones of 2013 VX 30 and 2014 UU 240 , respectively, remain as Trojans for 1 Gyr, we conclude that both Trojans have lifetimes longer than the age of the Solar System and belong to the stable Trojan population. The dynamical properties of the newly discovered Trojans are listed in Table 1 .
Photometry
Three other L4 Neptunian Trojans discovered prior to this work have also been observed by the DES. Two of them, 2014 QO 441 and 2014 QP 441 , were discovered by DES in the deep XMM-LSS supernova search field [37] and were observed there during the 2014 and 2015 oppositions. The other Neptunian Trojan, 2011 SO 277 , was discovered by the PS1 survey [52] and was independently linked in 16 DES wide survey exposures between Sept. 2013 and Dec. 2017. Excluding the shallow-field supernova observations, the DES color observations of the five Neptunian Trojans are generally non-simultaneous. However, 2013 VX 30 was observed in the shallow supernova field, and we were able to obtain simultaneous colors. For the objects that were observed in the deep supernova fields, we took the average g, r, i and z magnitude using the data taken in the deep fields only. For objects with wide-survey observations only, we average all of the available g, r, i and z measurements. We calculated the average absolute magnitude for each color band by normalizing the heliocentric and geocentric distance to 1 au and fitting a standard HG [53] phase curve with G=0. 15 2 to correct for brightness changes induced by the phase function. The observation phase angle of the Trojans ranged from 0.5 to 2 degrees. We are unable to measure rotational periods for those Trojans, and therefore we do not attempt to account for the fact that our measurements may have been obtained at different points of rotational phase. However, the use of average magnitudes should remove, or at least average over, any possible rotational effects. Table 2 shows the r-band magnitude, absolute magnitude, and the (g − r) DES , (r − i) DES and (i − z) DES colors of the five Neptunian Trojans observed by DES. 2013 VX 30 clearly has a much redder color than the other four. The g − r color of 2011 SO 277 is not reliable, due to only three/two sparsely distributed g-/r-band observations.
We compare colors of these DES-measured objects with other Neptunian Trojans with measured colors, as shown in Figure 4 . The other photometry measurements were obtained by Sheppard and Trujillo [10] (ST06), Sheppard [27] (S12), Parker et al. [39] (P13) and Jewitt [38] (J18). All measurements were converted into the SDSS photometry system [55, 56] . In such case:
and
Four objects have been observed in two different studies, and all available measurements were plotted in Figure 4 . The color of 2013 VX 30 stands apart from all other known Neptunian Trojans and is ultra-red. The color of 2013 VX 30 most closely resembles those of the red dynamically excited or cold classical TNOs. Figure 5 demonstrates the Neptunian Trojan g − r and r − z colors together with the Col-OSSOS TNO color sample [26] . 2013 VX 30 is ultra-red in g − r, and its r − z color is also redder than the cold classical TNOs. It is closest in color to the dynamically-excited TNOs. All measurements are converted to the SDSS photometric system. The BVR measurements of J18 were converted to SDSS colors using the transformation equations of Fukugita et al. [57] and Smith et al. [58] . Reference: ST06 [10] , S12 [27] , P13 [39] , J18 [38] . 
Blue and Red Trojan Population Ratio
In Sections 3 and 4, we showed that 2013 VX 30 is robustly dynamically stable, and ultra-red. The existence of a red Neptunian Trojan implies that the Neptunian Trojans contain both blue and red sub-populations. The apparent ratio of blue to red objects is 4:1 for the Neptunian Trojans observed by DES. In addition to problems associated with the extremely small sample size, however, the very different colors of blue and red Trojans may affect their detectability. The blue objects will be easier to detect in g-band, but difficult in i-and z-band, and vice-versa. To assess this effect, we use the DES Survey Simulator [59] to examine whether the observed 4:1 ratio of blue to red Neptunian Trojans in DES data could be skewed by the effects of color-dependent detectability.
To perform the survey simulation, we modeled the blue and red Trojan sub-populations with identical orbital and physical parameters, aside from their colors. We assigned the blue Trojans to have colors g − r = 0.6, r − i = 0.2 and i − z = 0.1. For the red Trojans, we used g − r = 1.0, r − i = 0.5 and i − z = 0.2. For the orbital parameters, the semi-major axes (a) were fixed at 30.1 au. The mean resonant angle (φ mean ) were fixed at the L4 Lagrange point, which is 60 degrees ahead of Neptune. The arguments of periapsis (ω), longitudes of the ascending node (Ω) and mean anomalies (M ) were uniformly distributed and consistent with equation 1. The eccentricity (e) and libration amplitude (A φ 1:1 ) distributions were modeled by a Rayleigh distribution suggested by Parker [60] , which has the width as its only parameter. We used the suggested eccentricity width (σ e ) of 0.044 by Parker [60] , and the suggested libration amplitude width (σ A φ ) of 15 degrees by Lin et al. [7] . The inclination (i) was modeled by a sin i × gaussian distribution [61] with an inclination width (σ i ) of 26 degrees and truncated at 60 degrees, as suggested by Lin et al. [7] for the hot component of the Neptunian Trojans. The absolute magnitude distribution was modeled by a power law distribution with a divot, which fits the dynamically excited TNO population well [62] . All of the modeling parameters are listed in Table 3 .
We injected 50,022 synthetic L4 Neptunian Trojans (24,934 blue, 25,088 red) with H r < 10 into the Survey Simulator. The Survey Simulator produced a catalog of object detections that fell into a DES exposure and were brighter than that exposure's limiting magnitude. We then processed these detections through the DES moving object pipeline [63] to estimate the actual detection rate. Of the total injected objects, 15,138 (7,513 blue, 7,625 red) objects fell into DES survey footprint, and 3,567 (1,579 blue, 1,988 red) of them were bright enough and had five or more detections to be detected by the pipeline. The pipeline detected total 1,541 synthetic L4 Neptunian Trojans (661 blue, 880 red), which is about 43% of the detectable objects. Figure 6 shows inclination as a function of the angular separation from Neptune (in degrees of ecliptic longitude) for simulated Trojans detected by our pipeline. The five Trojans detected in the data show good agreement with this distribution.
Considering that the five Neptunian Trojans detected in the DES have H r < 10, our result implies a total population (blue and red) of 162 ± 73 Neptunian Trojans with H r < 10 at the L4 cloud. Sheppard and Trujillo [8] estimated about 500 Neptunian Trojans with size 50 km. Assuming a 5% albedo, this corresponds to H r ∼ 10. If the L4 and L5 Neptunian Trojan have equal sized populations, that estimate would imply about 250 Neptunian Trojans at the L4 cloud. This result is consistent with our 162 ± 73 estimation. Moreover, Gladman et al. [64] provided a upper limit of Neptunian Trojan population of < 300 at 95% confidence for H g < 9.16. Assuming g − r = 0.6, the upper limit will be < 300 for H r < 8.56. There are total 12,891 objects with H r < 8.56 in our synthetic L4 Neptunian Trojans, and our Survey Simulation detected 1,299 of them. Considering four of the five DES Neptunian Trojans have H r < 8.56, we estimate that there are 40 ± 20 L4 Neptunian Trojans with H r < 8.56. Again, assuming L4 and L5 Neptunian Trojan have equal populations, our estimation of 80 Neptunian Trojans for the L4 and L5 clouds together is below the upper limit of 300 suggested by Gladman et al. [64] . Furthermore, due to the DES strategy of observing primarily in the redder bands (riz), the efficiency for detecting red Trojans is slightly higher, about 1.33 (880/661) times higher than for blue Trojans. (It is not surprising that a survey whose primary scientific purpose is the study of the high-redshift universe should also excel at detecting red objects in our Solar System.) Therefore, the corrected blue-to-red Neptunian Trojan ratio is about 5:1. If we further consider that red TNOs could have a higher average albedo than blue TNOs [23] , the detectability of red objects may be higher still. Thus, the blue-to-red Neptunian Trojan population ratio may be higher than 5:1.
Discussion
Although the discovery of a red Neptunian Trojan makes the population more consistent with the idea that the TNOs act as the primordial reservoir, a problem remains. With the roughly 5:1 or higher ratio of blue to red objects, as described above, the number of red Neptunian Trojans is still too low, since the putative parent population (the TNOs 3 ) has nearly equal numbers of blue and red objects [22, 27, 30] .
Here we consider a possible scenario to explain why there are many more blue Neptunian Trojans than red ones. Almeida et al. [65] argued that possible collisions between Neptunian Trojans and Plutinos (objects in a 3:2 mean motion resonance with Neptune) could explain the observed size-inclination and color-inclination dependence of the Plutino population. They found that the Trojan-Plutino encounters could be more frequent than the corresponding Trojan-Trojan and Plutino-Plutino encounters, and that the low-inclination Plutinos are more likely to collide with Neptunian Trojans than are high-inclination Plutinos. These results can explain why the sizes and colors of the Plutinos are a sensitive function of their orbital inclination. If this explanation holds for the Plutinos, then the size-inclination and color-inclination dependence should be also observed in the population of Neptunian Trojans. Indeed, recent evidence for size-inclination dependence in the Neptunian Trojan population [7] may provide support for this Trojan-Plutino collision hypothesis.
Moreover, we should also expect that the low-inclination Trojans have higher collision rates with Plutinos, and thereby tend to lose their primordial ultra-red colors. In this case, the original ultra-red surface should remain intact on some of the highly-inclined Neptunian Trojans. In particular, the smaller Trojans have been shown to have a wider inclination distribution than the Plutino population (see Lin et al. [7] ), so that smaller objects should have a reduced collision rate. Indeed, the newly discovered red object 2013 VX 30 has the second-highest inclination of any known Neptunian Trojan. As a result, it is one of the Neptunian Trojans most likely to avoid collisions with Plutinos and thereby retain its primordial ultra-red surface.
The scenario outlined above has observable consequences: we expect the ratio of red to blue Trojans to be an increasing function of orbital inclination. Specifically, we should see significant numbers of red Trojans with inclination angles i > 30
• . With these high inclination orbits, these Trojans should suffer fewer collisions and retain their original red surfaces.
Summary
This paper reports the DES discoveries of two high-inclination Neptunian Trojans, 2013 VX 30 and 2014 UU 240 . Our supporting numerical integrations indicate that both objects are dynamically stable over the lifetime of the Solar System, and likely belong to the primordial Neptunian Trojan population. 2013 VX 30 and 2014 UU 240 have orbital inclinations i > 30
• , making them the highest-inclination stable Neptunian Trojans observed to date. Our multicolor measurements of five Neptunian Trojans observed by the DES show that 2013 VX 30 has significantly different colors than the other four; it has an ultra-red color similar to that of the reddest TNOs. As a result, we suggest that 2013 VX 30 may be a "missing link" between the Trojan and TNO populations.
With only one red Neptunian Trojan found, our survey simulations indicate that the red Neptunian Trojans may have a population five times smaller then their blue counterparts. This finding implies that the color distribution of Neptunian Trojans is still unlike their possible source, the TNO population, which has nearly equal numbers of blue and red members.
Based on 2013 VX 30 's very high inclination and the argument that the low-inclination Plutinos are more likely to collide with Neptunian Trojans [65] , we propose that TrojanPlutino collisions may be able to explain the observed surplus of blue Neptunian Trojans compared to red. In this scenario, most of the lower-inclination Trojans were resurfaced by Trojan-Plutino collisions and thus have a blue color. The high inclination Neptunian Trojans, such as 2013 VX 30 , are more likely to avoid collisions and retain their primordial ultra-red surfaces.
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